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Abstract 
INTRODUCTION: Pressure-flow analysis quantifies the interactions between bolus transport and pressure 
generation. We undertook a pilot study to assess the inter-relationships between pressure-flow metrics 
and fluoroscopically determined bolus clearance and bolus transport across the EGJ. We hypothesised that 
findings of abnormal pressure-flow metrics would correlate with impaired bolus clearance and reduced 
flow across the EGJ.   METHODS: Videofluoroscopic images, impedance and pressure were recorded 
simultaneously in 9 patients with dysphagia (62-82y, 7m) tested with liquid barium boluses. A 3.6mm 
diameter solid-state catheter with 25 x 1cm pressure/12 x 2cm impedance was utilised. Swallowed bolus 
clearance was assessed using a validated 7-point radiological bolus transport scale. The cumulative period 
of bolus flow across the EGJ was also fluoroscopically measured (EGJ flow time). Pressure only parameters 
included the length of breaks in the 20mmHg iso-contour and the 4 sec integrated EGJ relaxation pressure 
(IRP4s). Pressure-flow metrics were calculated for the distal esophagus, these were; time from nadir 
impedance to peak pressure (TNadImp to PeakP) to quantify bolus flow timing; Pressure Flow Index (PFI) to 
integrate bolus pressurisation and flow timing and Impedance Ratio (IR) assess bolus clearance. 
RESULTS: When compared with controls, patients had longer peristaltic breaks, higher Impedance Ratios 
and higher residual EGJ relaxation pressures (break length of 8 [2, 13] vs. 2 [0, 2] cm, p = 0.027; IR 0.5 ± 0.1 
vs. 0.3 ± 0.0, p=0.019; IRP4s 11 ± 2 vs. 6 ± 1 mmHg, p = 0.070). There was a significant positive correlation 
between higher bolus transport scores and longer peristaltic breaks (Spearman correlation r = 0.895, 
p<0.001) and with higher Impedance Ratios (r = 0.661, p<0.05).  Diminished EGJ flow times correlated with 
a shorter Time NadImp to PeakP (r = -0.733, p<0.05) and a higher IR (r = -0.750, p<0.05).  
CONCLUSION: Longer peristaltic breaks and higher IR correlate with failed bolus clearance on 
videofluoroscopy. The metric TNadImp to PeakP appears to be a marker of the period of time over which 
the bolus flows across the EGJ.  
 
Introduction 
Dysphagia is a common reason for referral for manometric investigation, yet standard measures of 
esophageal function relate poorly to patient perception of swallowed boluses and a proportion of patients 
with dysphagia demonstrate no apparent abnormality on barium radiography or endoscopy (1-3). 
Furthermore, despite a typical clinical history suggesting underlying dysmotility, manometry can be 
inconclusive and thereby dictates the need for further corroborative evidence such as radiography (4). 
Automated impedance-manometry analysis (esophageal AIM analysis) reliably derives pressure-flow 
metrics that quantify the interactions between bolus transport and pressure generation (5-12). For the 
clinician, the potential advantages of this novel approach lie in complementing a conventional manometric 
diagnosis of disordered peristalsis and/or EGJ outflow obstruction. Objective measures can directly quantify 
the degree of pressure-flow abnormality; namely the degree and extent of bolus clearance failure and the 
forces being applied to the bolus as it is propelled from pharynx to esophagus, down to distal esophagus 
and then through into the stomach via the EGJ. Furthermore, in situations where a conventional diagnosis 
may be equivocal, pressure-flow analysis may help pin-point subtle variations of esophageal function. 
These may include structural impediments to flow or subtle motor disturbances to inhibitory pathways that 
are frequently not apparent on barium swallow or at endoscopy. 
We undertook a pilot study in patients undergoing combined videofluoroscopy and high resolution 
impedance-pressure measurement to assess interrelationships between pressure-flow metrics and 
radiographically determined bolus clearance and bolus flow across the EGJ. We hypothesised that findings 
of abnormal pressure-flow metrics would correlate with abnormal esophageal bolus transport patterns, 
impaired bolus clearance and reduced flow across the EGJ.      
Methods 
Patients  
This pilot study was undertaken in a population of patients with known head and neck cancer and post-
radiotherapy related dysphagia in whom we have been evaluating, primarily, their pharyngeal and 
cricopharyngeal biomechanics using videofluroscopy and pressure-flow analysis. A high proportion of these 
patients have peristaltic abnormalities of varying severity. In the absence of equivalent prospective data in 
a traditional esophageal dysphagia cohort we felt this cohort would nevertheless provide an excellent 
opportunity to evaluate the correlations among pressure-flow metrics and radiological bolus clearance 
across a broad spectrum of peristaltic dysfunction. 
 
 Nine patients (aged 62-82, 7 male) were included because they reported symptoms compatible with 
impaired esophageal clearance. These features included one or more of the following symptoms: post-
swallow regurgitation; bolus holdup retrosternally or awareness of slow bolus transit through the 
esophagus. The study protocol was approved by the St George Hospital Research Ethics Committee and 
performed in the Department of Radiology, St George Hospital.  
 
Age matched controls 
A dataset of equivalent control swallows matched for subject age and bolus volume was compiled from a 
master database of liquid swallows recorded in 68 asymptomatic subjects aged 20-91 years (studies 
acquired by author C.Cock). In order to remove any potential for bias, each patient was consecutively 
matched to the first control that was of the same age. When a precise age match was not available the next 
closest match was selected. Control swallows of identical number and volume to the patient swallows were 
then selected consecutively in order from first to last. 
 
Measurement Protocol 
A 3.6mm diameter solid-state manometric and impedance catheter incorporating 25 1cm-spaced pressure 
sensors and 12 adjoining impedance segments, each of 2 cm (Unisensor USA Inc, Portsmouth, NH) was 
used. Subjects were intubated after application of topical anaesthesia (lignocaine spray) to the naso-
pharynx and studied sitting upright.  Pressure and impedance data were acquired at 50Hz (Solar GI 
acquisition system, MMS, The Netherlands). The catheter was positioned with sensors straddling the region 
proximal of the transition zone to stomach. Subjects were tested with 2-4 liquid barium boluses (3 patients 
received 5ml and 6 received 10ml bolus volumes). NaCl was added to bolus stock in order to achieve 
conductivity similar to normal saline. 
 
Videofluoroscopy Analysis 
Pulse videofluoroscopy digital video sequences of all swallows were recorded at 12Hz and simultaneously 
acquired at 25 frames/sec. For each swallow, three assessments were performed:  
Firstly, bolus transport was ranked according to the classification system of Fox and colleagues, which uses 
a seven-grade Likert-scale to score bolus transport (1 = successful bolus transport, 7 = complete failure of 
transport) (13, 14). Secondly, the video sequence was analysed in a frame by frame manner to identify 
periods where esophageal contents could be observed to flow into the stomach. The cumulative time of 
observed flow during each swallow was taken to represent to total period of trans-sphincteric flow during 
that swallow.  Finally, the EGJ maximum diameter was assessed for each swallow. The width of the barium 
column was measured in pixels from the lateral projection at the narrowest point of the EGJ when it was 
maximally distended. Analysis of the still images was performed with ImageJ software (v1.46r, NIH, USA). 
To convert measurements from pixels to millimetres, a conversion factor was calculated for each image 
from the radiopaque solid-state manometric sensors of known size (3.65mm) visible on the radiographs. 
 
Pressure-Flow Analysis 
Analysis was performed using a purpose designed analysis program written in MATLAB (version 7.9.0.529 
R2009b, The MathWorks Inc, Natick, MA, USA). The analysis itself is framed around the spatio-temporal 
relationship between Nadir Impedance, which identifies when and where the lumen is most full, and Peak 
Pressure, when the esophageal muscle is maximally contracted (5, 9, 11, 12). As shown in Figure 1, during 
liquid bolus transport the nadir impedance is approximately located at the axial centre of the bolus and 
follows the trajectory of the bolus as it is transported. Pharyngeal swallow propels the bolus to the distal 
esophagus, where the bolus remains static until pressurised by advance of the peristalsic wave front that 
drives bolus transit through the relaxed EGJ (9). Pressure-flow variables were derived for the distal 
esophagus (transition zone to EGJ).  The analysis approaches used to derive variables have been described 
previously (5-12) and these metrics are summarised below: 
i. Pressure at nadir impedance (PNadImp, mmHg) and median Intrabolus pressure (IBP, mmHg) 
measuring of bolus distension pressures.  
ii. Intrabolus pressure slope (IBP slope, mmHg/sec) measuring the rate of pressure change during 
luminal closure/propulsion of luminal content. 
iii. Peak pressure (PeakP, mmHg) measuring maximum contractile pressure following luminal 
emptying. 
iv. Time interval between nadir impedance and peak esophageal pressure (TNadImp to PeakP, sec) 
measuring the latency from bolus distension to the contractile peak. 
v. The pressure flow index (PFI), calculated using the formula below, which is a global measure of 
pressure-flow abnormality elevated in circumstances of high flow resistance (6-8, 10):  
PFI = (IBP * IBP slope)/(TNadImp-PeakP).   
vi. The ratio of nadir impedance to impedance at peak pressure (Impedance Ratio) as measure of bolus 
clearance during transport (high ratio = less complete clearance, 5 and 6). 
Peristaltic break size was measured as previously described (14-16). Maximum pressures within a 10sec 
region of interest encompassing the extent and relaxation period of the EGJ were used to determine the 
EGJ 4sec integrated relaxation pressure (IRP4s) (14-17). In addition the EGJ nadir pressure and EGJ nadir 
impedance were defined as the lowest level of pressure and impedance measured within the EGJ during 
swallow related relaxation.  
 
Statistics 
The individual swallow data determined for each subject, patient and their age-matched control, were 
pooled within each group and averaged for the purposes of statistical comparisons between the groups. 
Data are expressed as means ± standard error (SE) or median [inter-quartile range, IQR]. Grouped measures 
were compared using t test or sign rank test and one-way ANOVA or ANOVA on Ranks. Relationships 
between continuous variables were assessed using Spearman Rank Order Correlation. Statistical tests were 
performed using SigmaPlot ver11.0 (Systat Software Inc., Chicago,IL, USA).  
  
Results 
Twenty six patient swallows (10 x 5ml and 16 x 10ml in the upright position) were simultaneously recorded 
and analysed. These were compared with age and volume matched control swallows. Patients, when 
compared to controls, had larger peristaltic breaks (beak size 8 [2, 13] vs. 2 [0, 2] cm, p = 0.027) and less 
complete EGJ relaxation (IRP4s 11 ± 2 vs. 6 ± 1 mmHg, p = 0.070, EGJ nadir pressure 4 ± 1 vs. 0 ± 1 mmHg, p 
= 0.032, EGJ nadir impedance 134 [113, 188] vs. 91 [86, 149] ohms, p=0.064). Three patients had abnormal 
IRP4s (>15mmHg) hence meeting the criteria for EGJ outflow obstruction. Of six remaining patients with 
normal IRP4s, four had weak peristalsis and two had normal peristalsis. 
The median Pressure Flow Index was not statistically different between patients vs. controls (7 [1, 117] vs. 8 
[3, 10], p = 0.860). The Impedance Ratio was higher in patients (0.5 ± 0.1 vs. 0.3 ± 0.0, p=0.019). Two 
patients had a PFI exceeding the control 90th percentile (PFI 89) suggesting abnormal bolus flow resistance. 
Three separate patients an Impedance Ratio exceeding the control 90th percentile (0.44) suggesting 
ineffective bolus clearance.  
PFI and Impedance Ratio were then used in combination to distinguish patients on the grounds of abnormal 
flow resistance and/or clearance. Figure 3A demonstrates how patients could be separated into three of 
four possible groups based on whether the PFI/Impedance Ratio were abnormal i.e. Group 1 normal PFI/ 
normal IR (n=4), Group 2 abnormal PFI /normal IR (n=2), Group 3 normal PFI/ abnormal IR (n=3) and Group 
4 abnormal PFI /abnormal IR (not seen). All of Group 3 patients were characterised by the existence of large 
peristaltic breaks. However patients in Groups 1 and 2, who have a different pressure-flow signature and 
normal bolus clearance, could not be distinguished based on peristaltic break size (Group 1 vs. 2 were 3 ± 
1cm vs. 3 ± 2cm respectively) or IRP4s (Group 1 vs. 2 were 12 ± 5mmHg vs. 12 ± 5mmHg respectively). 
 
Correlations with Videofluoroscopy 
Patient bolus transit scores ranged from 1-6 and three patients had abnormal bolus transport (score of ≥3).  
A higher transit score (more severe failure), correlated with larger peristaltic breaks, lower peak pressures, 
higher Impedance Ratio’s and a briefer period of trans-EGJ flow (Table 1, Figure 2). In patients with normal 
vs. failed bolus transport respectively, peristaltic break size was 5 ± 2 vs. 12 ± 2 cm (p=0.074), peak pressure 
was 62 ± 16 vs. 16 ± 2 mmHg (p=0.083), Impedance Ratio was 0.3 [0.2, 0.4] vs. 0.8 [0.6, 1.0] (p=0.024), and 
the trans-EGJ flow period was 4.1 [3.4, 5.9] vs. 2.1 [1.7, 2.3] sec (p=0.024).  
Average trans-EGJ flow period ranged from 1.6 to 8.6 sec. A shorter period of EGJ flow correlated with a 
shorter TNadImp to PeakP, a higher distal Impedance Ratio and narrower EGJ opening diameter (Table 1, 
Figure 2). Metrics indicative of EGJ function did not correlate with any of the fluoroscopic measures (Table 
1). Comparisons of fluoroscopic measures amongst patients dichotomously defined based on PFI and 
Impedance Ratio (Figure 3) showed bolus transport abnormalities in Group 3 (Figure 3B) and EGJ flow time 
was longest in Group 1 and shortest in Group 3 (Figure 3C).  
 
  
Discussion  
In this pilot study we explored how pressure-flow analysis of swallowing relates to bolus transit patterns 
determined by videofluoroscopy. Disordered esophageal motility was prevalent in our patients and, as has 
been previously reported, associated with bolus transport failure on radiology (13-19). Novel pressure-flow 
metrics also correlated with failed bolus transport and diminished bolus flow time across the EGJ. 
 
Esophageal pressure-flow analysis objectively derives new metrics based on the integration of impedance 
and pressure using automated software algorithms. Quantifying pressure-flow disturbances may 
distinguish potential causes of symptoms in dysphagia patients (5-8, 10-12). Amongst the pressure-flow 
metrics assessed, the latency from bolus accumulation to contractile peak (TNadImp to PeakP) appeared to 
correlate best with the period of bolus flow across the EGJ during swallow induced EGJ relaxation. The 
timing of nadir impedance in the most distal esophagus appeared to approximate the time of onset of flow 
across the EGJ (as illustrated in Figure 1). Several factors may explain this relationship. Flow of a bolus into 
the stomach requires the presence of a favourable pressure gradient across the EGJ (20, 21) and this 
depends upon the integrity of the esophageal contractile front (to prevent retrograde de-pressurisation of 
the bolus domain) as well as the ability of the EGJ to relax and open (to allow the bolus to pass through). 
During optimisation of these driving and resistive pressures, the lumen proximal to the EGJ steadily 
distends until flow permissive conditions are achieved. With onset of flow through the EGJ, the lumen 
proximal to the EGJ will passively recoil, then narrow and close due to muscle contraction. The measured 
intraluminal impedance may be lowest at the time of EGJ flow onset because this corresponds to when the 
esophageal lumen is most dilated by the accumulated swallowed bolus (wider diameter = lower 
impedance). A short period of EGJ flow also correlated with the existence of large peristaltic breaks and 
high Impedance Ratio. Hence if there is a break in the contractile wave front, bolus pressurisation that 
drives flow across the EGJ does not occur until later in the swallow sequence. That is, when any remnant 
contraction front reaches the EGJ. The distal esophagus is an anatomically and mechanically less complex 
region than the EGJ and our data suggest that the TNadImp to PeakP metric may be a useful, indirect and 
pressure independent, marker of diminished bolus flow. 
Interestingly, our study did not demonstrate any relationship between high IRP4s and diminished flow 
across the EGJ. The measurement of EGJ relaxation based upon the IRP4s is fundamental to the diagnostic 
categorisation of EGJ outflow obstruction based on the Chicago Classification (22). The EGJ is a complex 
region demonstrating radial pressure asymmetries due to extrinsic structures (23, 24) and our use of 
unidirectional sensors and an upright posture may have increased variability of pressure readings across 
the EGJ (25). However, we note that high IRP4s readings despite evidence of flow can also be seen even 
when optimal circumferential sensors are used (20). Conditions allowing bolus flow through the EGJ can be 
accurately predicted based on the flow permissive time (20) with further improvement in the technique 
using 3D HRM (21).  
 
We have proposed the Pressure Flow Index as an empirical composite index to quantifying the overall 
degree of pressure-flow disturbance (5-8, 10) and the Impedance Ratio (IR) to separately quantify the 
extent of bolus transport failure (5, 6, 11). When patients were categorised based on whether PFI and IR 
results were normal/abnormal, they could be separated into one of four possible groups (Figure 3). 
Comparisons among the groups in relation to fluoroscopic measures showed that Group 3 patients (normal 
PFI/High IR) had bolus transport scores consistent with poor clearance and a reduced period of EGJ flow.  In 
contrast, Group 2 patients (high PFI/normal IR) had normal bolus transport scores and intermediate periods 
of EGJ flow that were between those of Group 1 (normal PFI and IR) and Group 3.   
  
We have previously found that a pattern of high PFI correlates with heightened perception of bolus 
transport (5, 6). In the current study, patients with a high PFI pattern had radiologically normal bolus 
transport. Together, these findings may suggest that some patients may experience symptoms of dysphagia 
due to bolus over pressurization/flow resistance during what appears to be normal bolus transport. This 
may potentially account for the high proportion of normal manometric studies in patients who experience 
the subjective sensation of esophageal dysphagia. Our study is however limited due to the lack of 
perception scores and the absence of data with more challenging viscous and solid bolus consistencies, 
further studies are therefore needed.  
 A weakness of our study is that our data are based on a small atypical patient cohort. Our patients were 
however investigated with esophageal HRM because their symptoms were considered compatible with 
impaired esophageal clearance. Furthermore our patients were studied upright where the effects of gravity 
would have changed bolus flow even though standardised across patients and controls. Nevertheless, the 
strengths of our study lie in the use of objective measures which, despite low numbers, show intuitively 
relevant differences between patients and controls and correlated well with independent measures of 
dysfunction based on the gold standard of radiology.  
 
In conclusion, we demonstrate that novel pressure-flow metrics can be used to detect disturbed 
esophageal function, which leads to failed bolus clearance and/or reduced flow time across the EGJ. 
Furthermore, Impedance Ratio and Pressure Flow Index may be used in combination to discriminate the 
extent of clearance failure and the degree of bolus pressure-flow abnormality. These additional functional 
measures may complement routine clinical HRM findings of normal or disordered esophageal motility. The 
pressure-flow metric TNadImp to PeakP appears to be a specific marker of EGJ flow time even though 
measured proximal to the EGJ high pressure zone itself. Further studies combining HRIM with fluoroscopy, 
evaluating viscous and solid bolus consistencies and relating pressure-flow metrics to the perception of 
bolus transit in patients specifically referred for esophageal dysphagia are indicated.  
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Figure Legends 
 
Figure 1. Radiological correlation of bolus trajectory and the timing of nadir impedance during 
swallowing of a 10ml liquid bolus. Pressure-flow landmarks based upon the AIM analysis plot below are 
transposed onto corresponding radiological images above (Top image: NadImp or Z = nadir impedance , 20 
= 20mmHg iso-contour and P = peak pressure; serial images captured at 0.5sec intervals). Insets (middle of 
figure) show magnified radiological images of the EGJ at the start and stop of flow.    
Note that the position of nadir impedance, Z, is approximately at the axial centre of the radiological image 
of the liquid bolus. Liquid flow stasis is associated with the bolus pooling above the EGJ. Further 
pressurisation of the bolus leads to aborad movement of the position of nadir impedance, Z, within the 
distal 50% of the esophagus and coincides with the onset of trans-sphincteric flow.  
 
Figure 2. Key metrics showing statistically significant correlations with bolus transport score (A and 
B) and EGJ flow period (C and D) in patients with dysphagia. 
 
Figure 3. Dichotomous classification of patients in relation to bolus flow resistance and bolus 
clearance using the Pressure-Flow Index and Impedance Ratio.  A. Patients could be separated into three 
of a possible 4 groups. Dotted lines indicate the 90th percentile reference range based on aged matched 
control swallows. B-D comparisons of fluoroscopic measures amongst individuals in each group. P-values 
are for Kruskal-Wallis One Way Analysis of Variance on Ranks.  
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EGJ Flow Time 
r vs. 
EGJ Max Diameter 
Fluoroscopic Measures 
Bolus Transport Score  
EGJ Flow Time 
EGJ Max Diameter 
 
- 
- 
- 
 
-0.703* 
- 
- 
 
-0.402 
0.683* 
- 
Esophageal Metrics 
100% of Distal Esophagus 
Peristaltic Break Size 
Peak P  
PNadImp  
IBP  
IBP slope  
TNadImp-PeakP  
Pressure Flow Index 
Impedance Ratio 
Lower 50% of Distal Esophagus 
Peak P  
PNadImp  
IBP  
IBP slope  
TNadImp-PeakP  
Pressure Flow Index 
Impedance Ratio 
 
 
0.895*** 
-0.929*** 
-0.326 
-0.050 
-0.126 
-0.377 
-0.126 
0.577(0.09) 
 
-0.887*** 
-0.226 
-0.050 
0.008 
-0.402 
0.059 
0.661* 
 
 
-0.383 
0.450 
0.500 
0.017 
-0.217 
0.767* 
-0.217 
-0.650(0.050) 
 
0.450 
0.150 
0.016 
-0.233 
0.733* 
-0.283 
-0.750* 
 
 
-0.033 
0.167 
0.817** 
0.350 
0.000 
0.367 
0.000 
-0.217 
 
0.083 
0.350 
0.350 
-0.033 
0.500 
-0.083 
-0.400 
EGJ 
IRP4s 
Nadir P 
PNadImp 
Nadir Impedance 
 
0.197 
0.494 
0.435 
0.184 
 
0.034 
-0.267 
-0.016 
-0.450 
 
0.067 
-0.117 
0.217 
-0.200 
 
Table 1.  Correlations amongst patient averages for videofluoroscopic measures and pressure-
impedance metrics. Data are Spearman Rank Order correlation coefficients (r) (*p<0.05, **p<0.01, 
***p<0.001; p values 0.05-0.1 shown in parentheses). Significant correlations in bold are also shown as 
scatter plots in Figure 2. 
 
 
 
